hearing ͉ ion transport ͉ potassium
T
he cochlea of the inner ear is filled with two extracellular fluids, perilymph and endolymph. Endolymph contains Ϸ150 mM K ϩ , 2 mM Na ϩ , and 20 M Ca 2ϩ and exhibits a potential of ϩ80 mV, the endocochlear potential (EP), relative to either blood plasma or perilymph (1) . Hair cells, the receptors for hearing, lie above the basilar membrane with their apical surfaces exposed to endolymph and their basolateral surfaces to perilymph. Vibration of the basilar membrane opens mechanosensitive channels in hair-cell stereocilia; the ensuing K ϩ influx from endolymph excites the cells (2) . The EP enhances the sensitivity of hair cells by increasing the driving force not only for K ϩ influx but also for the permeation of Ca 2ϩ that amplifies the motility of hair bundles (3, 4) .
After exiting hair cells on their basolateral surfaces, K ϩ must cycle back to the endolymph through a pathway comprising perilymph, supporting cells, the spiral ligament, and the stria vascularis (5-7) (Fig. 1A) . The stria vascularis consists of inner and outer epithelial layers. The narrow extracellular space of 15 nm separating the two layers, the intrastrial space (IS), widens to contain numerous capillaries (8) . The inner epithelial layer is composed of marginal cells (MCs) whose apical membranes face endolymph. The outer layer consists of intermediate cells (ICs) and basal cells (BCs) that are apposed to fibrocytes of the spiral ligament (8) (Fig. 1B) . The ICs, BCs, and fibrocytes are extensively connected through gap junctions and thus form an electrical syncytium (9, 10) . Tight junctions between cells in the inner and outer layers and those in the vascular endothelial cells provide boundaries between the IS and endolymph, perilymph, and blood (11) .
Several K ϩ channels and transporters occur in various compartments of the stria vasularis and have been shown to be involved in EP formation (Fig. 1B) . Na ϩ ,K ϩ -ATPase and Na ϩ ,K ϩ ,2Cl Ϫ -cotransporter (NKCC) are localized on the basolateral membranes of MCs (12, 13) . Inhibition of either transporter suppresses the EP (14) , and genetic disruption of NKCC causes hearing loss (15) (16) (17) . Two types of K ϩ channels are expressed in the stria vascularis. The inwardly rectifying channel Kir4.1 occurs in the apical membranes of ICs (18, 19) ; inhibition or knockout strongly reduces the EP (20) (21) (22) . Another K ϩ channel, KCNQ1/KCNE1, occurs in the apical membranes of MCs. Mice lacking this channel are deaf because of the collapse of the endolymphatic space (23) (24) (25) .
The fluid in the IS has a low [K ϩ ] but a positive potential similar to the EP (26, 27) . It has been hypothesized that the intrastrial potential (ISP) is the origin of the EP (26) . The low [K ϩ ] in the IS fluid is thought to be maintained by K ϩ transporters located in the basolateral membranes of MCs. An electrophysiological study of isolated ICs suggested that the ISP is generated by K ϩ diffusion across the apical membranes of ICs through Kir4.1 channels (28) . Although inhibition of the Na ϩ ,K ϩ -ATPase reduced the EP to Ϫ10 mV, the inside of the stria vascularis still exhibited a potential of ϩ14 mV (29) . This result implies that the ISP is not exclusively responsible for formation of the EP. Because of technical difficulties, however, no extensive studies have been performed in vivo to clarify the relationship between the ISP and the EP, and the machinery underlying the formation of ISP and EP has not been established.
In this study, we simultaneously measured the electrical potential, [K ϩ ], and input resistance in each compartment of the lateral cochlear wall under various conditions. We have not only verified the hypothesis for formation of the ISP in vivo but have also identified other essential elements determining the EP. ϩ -selective electrode from the perilymph to the IS elicited a stereotyped sequence of events ( Fig. 2A) . At the outset, the electrode in perilymph recorded a K ϩ activity (aK ϩ ) of 4 mM (26, 27) . On further insertion but before encountering the IS, we identified two regions showing characteristic alterations in aK ϩ and potential. The first, Region A, exhibited a moderately elevated aK ϩ of 20-24 mM with a slightly negative potential of Ϫ4 to Ϫ5 mV. The second, Region B, showed a greater aK ϩ of Ϸ60 mM and a slightly positive potential of Ϸϩ3 mV. When the electrode was further advanced, the potential abruptly became highly positive (ϩ75 mV), and the aK ϩ dropped to 5 mM, indicating that the electrode had entered the IS (26, 27) . Regions A and B could in some instances be measured repeatedly during a single insertion of the electrode, whereas each of them appeared only once in other cases. In nine animals, we detected Region A six times (aK ϩ ϭ 19.0 Ϯ 7.1 mM, range 6.1-26.1 mM; potential, Ϫ3.8 Ϯ 1.8 mV, range Ϫ1.0 to Ϫ6.5 mV), and Region B eight times [aK ϩ ϭ 62.0 Ϯ 8.7 mM, range 45.3-72.8 mM; potential, ϩ2.0 Ϯ 1.4 mV, range ϩ 0.2 mV to ϩ 3.8 mV; supporting information (SI) Fig. 7] .
Results

Measurement of Potential
To identify the compartments of the stria vascularis corresponding to Regions A and B, we used a bridge-balance amplifier to record the input resistance and potential with a singlebarreled electrode. In Region A with a potential of Ϫ1 mV, the input resistance was low (200 k⍀; Fig. 2B ), implying that the electrode was located in perilymph. With further insertion of the electrode, the potential remained slightly positive at ϩ0.2 mV, but the input resistance gradually increased to 2 M⍀, indicating that the electrode had entered Region B (Fig. 2B) . Because the increased resistance indicated that the electrode had reached a restricted compartment surrounded by the cell membrane, Region B may represent the intracellular portion of the syncytium composed of fibrocytes, ICs, and BCs. When we advanced the electrode still further, the potential abruptly became very positive (ϩ75 mV), whereas the input resistance remained at 2.4 M⍀ ( The fingerprints of the IS are a highly positive potential (the ISP) and a low [K ϩ ] (26, 27). The results above suggest that high-input resistance is another feature of the IS. To test this, we simultaneously recorded the potential, aK ϩ , and input resistance with a double-barreled electrode (Fig. 3) . In this experiment, the electrode passed from the perilymph through the syncytium and then reached the IS (potential, ϩ64 mV; aK ϩ , 3 mM). The input resistance, which was only 100 k⍀ in the perilymph, increased to 300 k⍀ in the cellular syncytium of Region B and finally reached 2.0 M⍀ in the IS. Anoxia applied during recording at the final site elevated aK ϩ and markedly suppressed the potential, confirming that the region was the IS (see also Fig. 4 ). Both the potential and the aK ϩ recovered upon return to normoxia. When the electrode was advanced farther, the input resistance rapidly diminished, and aK ϩ markedly increased, indicating that the electrode had entered the endolymph. In this recording, we could not detect the feature of MCs [high aK ϩ (but Ͻ100 mM) and high potential; see Fig. 5 ]. It might be mainly due to the following difficulty. The MC monolayer is thin, and the doublebarreled electrode is relatively thick. Thus, the electrode, when promptly inserted from the IS to the endolymph, as in the case of Fig. 3 , could sometimes reach the endolymph apparently without recording the potential and aK ϩ of MCs. Upon withdrawal of the electrode to the perilymph, the potential, aK ϩ , and input resistance all returned to their initial levels. We observed the same results in three trials. A high resistance therefore separates the fluid in the IS from the neighboring extracellular fluids, i.e., the perilymph, endolymph, and blood. This resistance isolates the IS electrically and thus permits the formation of its highly positive ISP.
Effects of Inhibiting Strial K ؉ Transport on the Potential and aK ؉ . To test the hypothesis for the formation of the EP and ISP (26), we simultaneously monitored these two potentials and aK ϩ of the IS fluid (aK IS ϩ ) during inhibition of the strial K ϩ -transport systems. Each blocker was perfused into the left vertebral artery, from which capillaries extend into the stria vascularis (20, 21) . We inhibited Na ϩ ,K ϩ -ATPase by anoxia or ouabain and Kir4.1 channels by Ba 2ϩ . During anoxia, aK IS ϩ increased from 4 to 28 mM and then slightly decreased by 2 mM, whereas the ISP declined from ϩ70 to ϩ22 mV before rising by 3 mV ( Fig. 4A ; see also Fig. 4C ). However, the EP declined monotonically to Ϫ14 mV. The responses of the ISP and aK IS ϩ were therefore biphasic, whereas that of the EP was monophasic. Upon reoxygenation, the EP, ISP, and aK IS ϩ gradually recovered and exhibited slight overshoots before returning to their initial values. We observed similar results in seven other experiments.
Ouabain (1 mM), a specific blocker of Na ϩ ,K ϩ -ATPase, had effects similar to those of anoxia on the EP, ISP, and aK IS ϩ in three experiments (Fig. 4A) . The difference between the responses of ISP and EP was again clear: even during the slight rebound phase of the ISP and aK IS ϩ , the EP continued to decline and reached a plateau of Ϫ22 mV (Fig. 4A) . This difference was confirmed when the double-barreled electrode was advanced into the endolymph and recorded essentially the same potential as another electrode in the endolymph (Fig. 4A) . Perfusion of the NKCC blocker bumetanide (1 mM) altered the EP, ISP, and aK IS ϩ in a manner similar to anoxia and ouabain (SI Fig. 8 ). We also measured the ISP and aK IS ϩ during vascular perfusion of Ba 2ϩ (1 mM), which suppresses the EP (20, 21) . Although the ISP declined from ϩ71 to ϩ23 mV, aK IS ϩ rose by only 2.0 mM (Fig. 4A ). This slight elevation of aK IS ϩ might result from the blockage of Na ϩ ,K ϩ -ATPase by ischemia because of the contraction of smooth muscle cells in some vessels between the vertebral artery and the strial capillaries, which could be caused by inhibition of their K ϩ channels with Ba 2ϩ , as reported in various arteries (30) . Upon removal of Ba 2ϩ , the ISP and aK IS ϩ recovered and exhibited slight overshoots. Similar results were obtained in two additional trials. These data imply that the Ba 2ϩ -sensitive channel Kir4.1 is critically involved in the generation of the ISP (19, 28) .
The potential and intracellular aK ϩ of the syncytium [V Syn and ] are expected to be stable. Indeed, we found in two experiments that these values barely altered even when the EP reached a negative value during anoxia (Fig. 4B) . The ISP may therefore be calculated as the sum of V Syn and the potential difference across the apical membranes of ICs,
where
, and aCl i(Syn) Ϫ are the intracellular ionic activities of the syncytium; aK IS ϩ , aNa IS ϩ , and aCl IS Ϫ are the ionic activities in the IS fluid; P K , P Na , and P Cl are the permeability coefficients for the ions; and R, T, and F have their usual meanings.
An earlier patch-clamp analysis revealed that K ϩ conductance dominated the apical membranes of isolated ICs (31), implying that P K greatly exceeds P Na and P Cl . We therefore calculated the ISP during anoxia with the assumption that it represents the sum of V Syn and the K ϩ equilibrium potential (E K ) across the apical membranes of ICs. The predicted ISP closely corresponded to the measured potential, although the former was slightly more positive (Fig. 4C) . Because the membrane potential of isolated ICs is slightly more positive than E K (32), the difference may reflect a small contribution of Na ϩ or Cl Ϫ conductance in the apical membranes of ICs. We observed similar results in two additional experiments. It is therefore likely that the ISP is generated primarily by Ba 2ϩ -sensitive K ϩ diffusion across the apical membranes of ICs whereas the low [K ϩ ] IS is maintained by Na ϩ ,K ϩ -ATPase and NKCC.
The Involvement of MCs in Formation of the EP. Because the only component between the IS and the endolymphatic space is a monolayer of MCs, these cells must be responsible for the different behaviors of the EP and ISP during anoxia or perfusion of blockers. We therefore examined the electrochemical qualities of the MCs. After encountering compartments exhibiting the features of the syncytium and the IS during the insertion of a K ϩ -selective electrode, we detected a highly positive potential similar to the ISP and an increase of aK ϩ to 77 mM (Fig. 5A ). Because this aK ϩ value was as high as that in the syncytium (79 mM, Fig. 5A ) but lower than that in the endolymph (Ͼ100 mM; see Figs. 3 and 4) , we surmised this compartment represented the cytoplasm of the MCs.
The arterial perfusion of Ba 2ϩ during recordings at this position reduced the potential by 20 mV but caused little change of aK ϩ (Fig. 5A) ; similar results were obtained in two trials. After washing out Ba 2ϩ , we applied anoxia. Whereas aK ϩ declined in a sigmoidal fashion and finally reached a plateau at 8 mM, the potential declined from ϩ74 mV to ϩ27 mV and then rebounded to ϩ52 mV. Similar results were recorded in two experiments. This potential alteration resembled that of the ISP (see Fig. 4A ) but did not correlate with that of EP monitored with a separate electrode (Fig. 5A) . The changes were reversible after reoxygenation in five experiments (SI Fig. 9A ). When the K ϩ -selective electrode was advanced into the endolymph during anoxia, it recorded a potential of Ϫ41 mV and aK ϩ of 116 mM (Fig. 5A ). This result strongly suggests that a large potential difference occurred across the apical membranes of the MCs.
The basolateral membranes of MCs express little K ϩ conductance (33), whereas their apical surfaces facing the endolymph bear the K ϩ channel KCNQ1/KCNE1 (23) (24) (25) . If these channels provide another pathway for K ϩ , a reduction of aK ϩ in the MCs should accelerate the diffusion of K ϩ from the endolymph into the MCs and enlarge the potential difference across their apical membranes. To test this idea, we compared the recorded EP with that calculated from the MC potential (V MC ) and potential difference across the apical membrane of MCs by the relation
, aK EL ϩ , aNa EL ϩ , and aCl EL ϩ are ionic activities of the inside of MCs and endolymph. Because anoxia reduced the EP with little change of aK EL ϩ (SI Fig. 9A ) (34) , aK EL ϩ is constant. It was reported that the K ϩ permeability is considerably larger than the Na ϩ and Cl Ϫ permeabilities in the apical membranes of MCs (35) (36) (37) . We presumed that K ϩ permeability dominated the apical membrane of MCs and simply calculated the EP as the sum of V MC and the E K of MCs during anoxia (Fig. 5B) . The measured EP was scaled to fit the trace recorded by the K ϩ -selective electrode when it was in endolymph (Fig. 5B) . The predicted and scaled EPs matched well, although the former was slightly more positive than the latter. This finding suggests that the potential difference across the apical membranes of MCs can be attributed largely to the K ϩ -selective diffusion potential. The subtle difference between the estimated and recorded traces (Fig. 5B ) may be caused by other conductances than that to K ϩ . Finally, we found that vascular perfusion of ouabain and bumetanide reduced the MC potential and aK i(MC) ϩ in a manner similar to anoxia (SI Fig. 9 B and C) .
Discussion
We have confirmed the existence of the IS and its unique electrochemical properties (Figs. 2 and 3) . Moreover, we have shown that blockage of K ϩ transporters (NKCC and Na ϩ ,K ϩ -ATPase) or of K ϩ channel Kir4.1 suppresses the ISP and EP by distinct mechanisms, respectively through an increase of aK IS ϩ or direct inhibition of K ϩ diffusion (Fig. 4A) . The recorded alternation of the ISP corresponded with the estimated change of E K on the apical membranes of ICs (Fig. 4C) . These results not only verify that the EP originates from the ISP but also indicate that the potential difference across the membranes of ICs can be explained largely as a K ϩ diffusion potential and underlies the ISP (26, 28) .
We identified three other factors crucial for the formation of the EP. First, the IS exhibits a high input resistance (Fig. 3) , indicating that this space is electrically isolated from the neighboring fluids. This feature is required for sustaining the highly positive ISP. The layers of BCs, MCs, and vascular endothelia that separate the IS from, respectively, the perilymph, endolymph, and blood with tight junctions must act as insulators. Consistent with this argument, knockout of claudin-11 and connexin30, which disrupt the tight junctions of, respectively, BCs and endothelia, cause a large reduction in the EP (9, (38) (39) (40) . Arterially perfused reagents such as Ba 2ϩ , ouabain, and bumetanide can nonetheless penetrate the strial endothelium and reach the IS to produce their effects on the EP. The endothelial barrier may therefore be loose enough to permit the diffusion of these molecules and yet tight enough to guarantee the high-input resistance of the IS. The prominently infolded membranes of ICs and MCs tightly wrap the capillaries, and the space between them is narrow (8) . These anatomical features may provide a mechanism of increasing the resistance between the IS and blood while permitting the diffusion of reagents from the blood to the IS.
A second consideration is that the syncytium is virtually clamped at 0 Ϸϩ4 mV (Figs. 2 and 4B, see also SI Fig. 7 ). Gap junctions interconnect many fibrocytes, thereby establishing a large cellular volume associated with a high membrane capacitance. Even if the magnitude of K ϩ transport through the lateral wall should alter, the potential of syncytium would barely change. Because of this, the K ϩ -diffusion potential at the apical membranes of ICs can form a significant fraction of the ISP.
The third feature is K ϩ diffusion across the apical membranes of MCs. When the basolateral Na ϩ ,K ϩ -ATPase in MCs is inhibited, the predicted change in E K at the apical membrane of ICs nearly equaled the reduction of the ISP but not that of the EP (Fig. 4) . This difference could be attributed to the KCNQ1/ KCNE1-mediated K ϩ -diffusion potential across the apical membrane of MCs, which would be enlarged by the reduction of aK i(MC) ϩ (Fig. 5) . This reduction could be caused by K ϩ efflux from MCs into endolymph, for the membrane potential of MCs relative to EP consistently exceeds E K (Fig. 5B) .
We propose that the EP comprises two different K ϩ -diffusion potentials, one across the apical membrane of the ICs and the other across the apical side of the MCs:
The electrochemical properties of the lateral wall in the normal conditions and during the blockage of the K ϩ -transport mechanisms in the strial vascularis are summarized in Fig. 6 . Under physiological conditions, aK EL ϩ moderately exceeds aK i(MC) ϩ ( Fig.  5A and SI Fig. 9A ), so the difference of 10 mV between the EP and the MC potential (29, 41 ) is likely to be generated by K ϩ diffusion. The negative EP that is induced by strong block of strial K ϩ transporters results from the combination of a decrease in the ISP and an increase in the potential difference across the MCs' apical membranes (Figs. 4 and 5) , rather than from elements in the organ of Corti (42) .
Although the H ϩ ,K ϩ -ATPase expressed in the basolateral membranes of MCs may also participate in EP formation (43) , its involvement and the dynamics of strial pH in regulation of the electrochemical milieu of the IS remain elusive. Because Na ϩ ,K ϩ -ATPase and NKCC coexist in the basolateral membranes of MCs, Na ϩ is expected to cycle between these two transporters (Fig. 1B) . This cycling seems to couple the Na ϩ efflux through Na ϩ ,K ϩ -ATPase and the influx through NKCC, which would be required for K ϩ uptake from the IS to MCs. K ϩ taken up by the cycling mechanism may also exit from the MCs' apical KCNQ1/KCNE channels into the endolymph. In support of this idea, inhibition of either transporter completely suppresses the EP (14) . The cycling of Na ϩ across the basolateral membrane may therefore play an essential role in unidirectional K ϩ transport from the IS to endolymph through MCs. This K ϩ dynamics would also be important in maintaining the high [K ϩ ] in endolymph.
Materials and Methods
Information regarding the preparation of double-barreled K ϩ -selective electrodes, vascular perfusion, and measurement of potential, aK ϩ , and input resistance in the cochlear lateral wall is provided in SI Text.
Animal Preparation and Solutions. The experimental protocol was approved by the Animal Research Committee of Osaka University Medical School. The experiments were carried out under the supervision of the Committee and in accordance with the Guidelines for Animal Experiments of Osaka University and the Japanese Animal Protection and Management Law. The guinea pigs were fed and allowed free access to water.
Albino guinea pigs (200 -250 g) were deeply anesthetized intramuscularly with pentobarbital sodium (30 mg/kg; Nembutal, Abbott), paralyzed by i.v. injection of pancuronium bromide (3 mg/kg), and artificially respirated. For vascular perfusion, ouabain and barium chloride were dissolved in control solution containing 136.5 mM NaCl, 5.4 mM KCl, 1.8 mM CaCl 2, 0.53 mM MgCl 2, 5.5 mM glucose, and 5.0 mM Hepes at pH 7.4. Bumetanide was dissolved before use in control solution with 1% ethanol, a solution without effect on the EP. 
